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A single, self-assembled layer of highly uniform dielectric alumina nanoparticles improves the
photovoltaic performance of organic semiconductor bulk heterojunction solar cells. The block
copolymer based self-assembly approach is readily amenable to the large areas required for solar
cell fabrication. A fraction of the performance gain results from incident light scattering which
increases active layer absorption and photocurrent output, consistent with device simulations. The
nanoparticle layer also roughens the device electrode surface, increasing contact area and
C 2012 American Institute of
improving device fill factor through more efficient charge collection. V
Physics. [http://dx.doi.org/10.1063/1.4744928]

A significant challenge associated with reducing solar
cell active layer thicknesses from >100 microns in singlecrystal silicon to 100 nm in organic semiconductor materials is maintaining a maximum amount of incident light
absorption.1 Layers of nanoparticles can be used to scatter
incident sunlight and improve absorption in thin-film solar
cell active layers by increasing the optical path length within
the active layer.2–5 Metal nanoparticles have proven useful
for this purpose, although engineering a net device performance benefit requires precise control of nanoparticle composition, shape, and dimensions to minimize losses due to
resonant absorption by localized surface plasmons2,6,7 and
preventing them from degrading performance by acting as
recombination centers. Dielectric nanoparticle layers also
scatter light over a broad range of wavelengths in a manner
favoring improved light absorption, without either the benefits or drawbacks associated with plasmonic properties.2,7–10
Numerical studies suggest that dielectric scattering layers
can outperform metal counterparts, especially for densely
packed layers of high permittivity (eq), low absorption
materials.2
In this work, we incorporate single layers of 20 nm diameter close-packed dielectric alumina (Al2O3) nanoparticles (eq  10) into an organic semiconductor bulk
heterojunction device structure using a block copolymer
self-assembly approach. Self assembly provides precise control over nanoparticle diameters and separations and is scalable to the large areas required for solar cell fabrication.
Diblock copolymer thin films composed of polystyrene (PS)
and poly(methyl methacrylate) (PMMA) (PS-b-PMMA) of
suitable molecular weight (Mn ¼ 67 kg/mol), mass ratio
(70:30 PS:PMMA), and thickness (25 nm) spontaneously
self-organize into hexagonally-packed 20 nm diameter cylindrical PMMA domains (in a matrix of PS) with 40 nm
nearest-neighbor spacing upon annealing at 200  C for 3 h
(in vacuum) (Figure 1(a)).11,12 We promote perpendicular
a)
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orientation of PMMA cylinders relative to the substrate by
first treating the indium-tin oxide (ITO) substrate with a PSr-PMMA random copolymer brush.13

FIG. 1. (a) SEM image of a PS-b-PMMA block copolymer film. PMMA has
been chemically removed to improve image contrast. (b) SEM image of alumina nanoparticle array fabricated by sequential exposure to three TMA/water
cycles and removal of the organic material. (c), (d) 70 degree SEM images of
alumina nanoparticle arrays: (c) 3 cycles and (d) 9 TMA/water cycles.
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We convert the 20 nm diameter PMMA domains into
alumina nanoparticles by sequentially exposing the polymercoated substrate to trimethylaluminum (TMA) (85  C, 5 Torr,
1 min) and water vapor (85  C, 5 Torr, 1 min). The TMA precursor selectively localizes within PMMA domains, leading
to formation of a single layer of close-packed, uniformly
sized alumina nanoparticles upon reaction with water (Figure
1(b)).14,15 We repeat the sequence of precursor exposures to
grow nanoparticles of progressively larger sizes. Nanoparticle cross sections start out roughly hemispherical for small
numbers of exposure cycles (e.g., 3, in Figure 1(c)) and
become more cylindrical with increasing numbers of cycles
(e.g., 9, in Figure 1(d)). After formation of the alumina nanoparticle layer, we remove the remaining organic material
using oxygen plasma (20 W rf power, 100 mTorr O2). Analysis of scanning electron microscope (SEM) images reveals a
14 nm average nanoparticle diameter for 3 TMA/water precursor cycles, increasing and saturating at 20 nm for larger
numbers of cycles.
Organic semiconductor bulk heterojunction solar cells
containing self-assembled alumina nanoparticle layers display improved power conversion efficiency compared to
identical devices without nanoparticles. Our device structure
consists of an ITO-coated glass substrate (160 nm ITO) having a 20 nm thick TiO2 (anatase) electron contact layer,
grown by atomic layer deposition. The alumina nanoparticle
layer is positioned on the ITO surface and is conformally
coated by the TiO2 electron contact. We spin-cast 100 nm
thick blend active layers of poly(3-hexylthiophene) and
[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM,
1:1 wt.) from chlorobenzene prior to forming a top contact of
spin-cast poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) (40 nm) and thermally evaporated Au
(80 nm). SEM cross-sectional images show that the nanoparticles introduce a significant degree of controlled roughness
into the TiO2 electron collecting contact (Figures 2(a) and
(b)). Representative current-voltage measurements (J-V) of
devices with and without nanoparticle layers (3 TMA/water
cycles, in this case) in the dark and under simulated solar
illumination show that introducing the nanoparticles
improves the photovoltaic power conversion efficiency (Figure 2(c)) (illumination in ambient conditions by 70 mW/cm2
simulated AM1.5 G sunlight, calibrated using a certified
KG5 filtered silicon reference cell). On average, devices
showed a 10% increase in photocurrent density over an identical device without nanoparticles (from 5.1 to 5.6 6 0.2 mA/
cm2) and a 25% improvement in power conversion efficiency
(from 2.3 to 2.9 6 0.1%), based on measurements of 3-5
devices of each type. The efficiency of our devices is lower
than the best reported values for inverted P3HT:PCBM solar
cells, primarily because of reduced photocurrent due to an
unoptimized P3HT:PCBM layer thickness. Other metrics
such as open circuit voltage and fill factor are comparable
with those of higher performing devices.
Optical spectroscopy measurements show that
P3HT:PCBM layers deposited on roughened TiO2 layers
with underlying nanoparticles transmit less light compared
to films on smooth TiO2 (Figure 2(d)), consistent with scattering by the dielectric particles. The integrated light transmission (from 350 nm to 900 nm) through the sample
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FIG. 2. (a), (b) Cross sectional images of P3HT:PCBM devices (a) without,
and (b) with nanoparticle layers. (c) Representative dark (solid) and illuminated (open) J-V characteristics of solar cells without (blue) and with (red) a
nanoparticle layer. (d) Optical transmission through P3HT:PCBM blend
films formed on substrates without (blue, solid) and with (red, dashed) a
nanoparticle layer. Dashed black curve is the ratio of the two spectra. (e)
Simulated optical absorbance spectra of P3HT:PCBM active layers on substrates without (blue, solid) and with (red, dashed) a nanoparticle layer.

containing alumina particles is 13% smaller than that of a
P3HT:PCBM film deposited on smooth TiO2, meaning that
13% fewer photons transmit directly through the sample.
Two-dimensional, full-wave optical simulations of the
device structure (COMSOL-RF module) show that the
dielectric nanoparticle layer results in an additional 5%-6%
integrated light absorption by the P3HT:PCBM active layer
(Figure 2(e)), in qualitative agreement with the measured 10%
photocurrent increase (Figure 2(b)). The decrease in light
transmission in samples containing nanoparticles is relatively
constant across the wavelength spectrum (Figure 2(d)),
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FIG. 3. (a)-(d) SEM images of alumina nanoparticle layers formed using (a)
3, (b) 6, (c) 9, and (d) 12 TMA/water cycles. (e) Photovoltaic power conversion efficiency (red circles) and percentage change in integrated optical
transmission (blue triangles) versus number of TMA/water cycles. Data
points are an average of 3-5 devices with error bars indicating standard
deviation.

consistent with previous reports showing that scattering from
slightly larger dielectric nanoparticles (SiO2) is spectrally
uniform.7
Varying the number of TMA/water exposure cycles
used to form the nanoparticle layer from one to nine (Figures
3(a)–3(d)) does not significantly change the device photovoltaic performance. A single TMA/water exposure cycle forms
an array of nanoparticles having ill-defined diameters (fuzzy
boundaries in images of Figure 3(a)), yet still increases the
average power conversion efficiency by 19% over a device
without particles. Increasing numbers of TMA/water exposure cycles better define nanoparticle boundaries while also
increasing both the diameter and height (Figures 3(b)–3(d)).
Beyond 9 TMA/water cycles, the resulting array is distorted from the initial self-assembled polymer pattern with
some particles fusing together, likely due to stress induced
by high precursor loading within the initial PMMA domain
(Figures 3(c) and 3(d)). P3HT:PCBM devices having nanoparticle arrays formed using between one and nine TMA/
water exposure cycles all show, on average, an 20%–25%
higher power conversion efficiency compared to an identical
devices without nanoparticles (Figure 3(e)). Devices with a
layer of nanoparticles formed using 12 TMA/water cycles
have decreased performance (Figure 3(e)) due to a large series resistance that results from significant numbers of alumina islands fusing together to create an insulating film
between electrode and active layer. Ultraviolet-visible spectroscopy shows decreased light transmission through
P3HT:PCBM films deposited on TiO2 layers with underlying
particle arrays created by 1, 3, 6, and 9 TMA/water cycles
(Figure 3(e)), but essentially no change in transmission

Appl. Phys. Lett. 101, 063105 (2012)

FIG. 4. (a) Device fill factor versus number of TMA/water cycles. (b) Device total resistance (unilluminated) versus number of TMA/water cycles.
Data points are an average of 3 to 5 devices with error bars indicating standard deviation. (c) GIXRD data comparing P3HT:PCBM blend films on
smooth TiO2 films (blue, solid) versus TiO2 roughened by underlying nanoparticle layer (red, dashed). Inset: Orientation distribution for (100) scattering peak, as function of meridional angle x (where x ¼ 0 is film normal
(qz) direction).

through films on particle arrays made from 12 TMA/water
cycles.
The 10%–13% photocurrent increase accounts for half
of the 25% improvement in P3HT:PCBM solar cell efficiency, indicating benefits of the nanoparticle layer beyond
increased light scattering. Despite containing electrically
insulating nanoparticle arrays between the ITO and TiO2
electron contact layer, devices with nanoparticles have significantly improved fill factor (FF) (Figure 4(a)). For example, devices containing particle arrays made using 3 TMA/
water cycles show an average FF increase of 14%, from 0.57
to 0.65. Simulations of charge carrier transport in our devices, calculated by using self-consistent numerical solution of
drift-diffusion and Poisson equations,16 show that the
improved FF is a natural consequence of reduced electron
collection distance, due to the TiO2 layer projecting slightly
into the P3HT:PCBM blend. Our charge recombination
model includes both band-to-band recombination (bimolecular recombination coefficient ¼ 1010 cm3) and trap-assisted
recombination (sSRH ¼ 1 ls). Although simulations show
that changes in the device geometry naturally account for the
observed FF improvement, we cannot definitively rule out
the role of other structural factors such as changes in the
P3HT:PCBM blend distribution.
Under high forward voltage bias (>1.5 V), the total
device resistance (RS) is little changed by addition of
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nanoparticle arrays made using fewer than 9 TMA/water
cycles (Figure 4(b)). Because the device resistance at high
dark current is dominated by the contacts, the relative invariance of RS means that for sufficiently small numbers of cycles
(6), the contact resistances are not negatively impacted by
the introduction of nanoparticles. Particle arrays made from
greater numbers of TMA/water cycles introduce a sharp
increase in forward bias resistance as shrinking inter-particle
separations limit the interfacial area between TiO2 and ITO
layers. From geometric considerations of the hexagonal nanoparticle arrangement, p
we
ﬃﬃﬃ find the TiO2 layer resistance scales
as RS / L=½1  ðp=2 3Þðd=‘Þ2   L=½1  0:9ðd=‘Þ2  with ‘
the center-to-center interparticle separation and L the TiO2
layer thickness, which grows with nanoparticle height.
Increased Rs with large number of TMA/water exposure
cycles creates a sharp drop in device FF (Figure 4(a)), resulting in a steep decline in device power conversion efficiency
(Figure 3(e)).
Structural analysis by grazing incidence x-ray diffraction shows that the crystalline P3HT structure on roughened
TiO2 substrates changes only slightly from that on a smooth
surface (Figure 4(c)). The average P3HT grain size (17 nm),
determined from the width of the (100) scattering peak,17 is
nearly unchanged. We can exclude any P3HT chain reorientation, which would significantly change the out-of-plane
electronic mobility,18 because the molecular orientation distribution is unaffected by substrate roughness (inset of Figure
4(c)).
Introducing the nanoparticle layer into the structure
reduces the device open circuit voltage (Voc) by 4% (from
0.57 V to 0.55 V). The lower Voc reflects the increased device
dark current (Figure 2(c)), which is 1 mA/cm2 higher in the
nanoparticle containing device at Voc, compared to the control device. Although the increased dark current could in
principle be attributed to increased recombination at the
rough nanoparticle interface, our extensive numerical simulation shows that such recombination, by itself, is inconsistent with the simultaneous systematic improvement in Jsc
and FF. The only self-consistent hypothesis that explains the
complete J-V characteristics is a slight (1%) reduction in
the P3HT optical bandgap (25 meV) once the nanoparticles
are introduced into the device. Small changes in P3HT packing structure could conceivably translate into changes in
bandgap. For example, density functional theory calculations
have shown that torsional defects within P3HT chains can
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shift the bandgap by energies of this order.19 The lower
bandgap allows injection of additional carriers, accounting
for the increased dark current (and thus reduced Voc) and
also providing additional light absorption (and photocurrent
output). Combined with improved absorption due to light
scattering (Fig. 1(e)) and enhanced FF (associated with better
charge collection by slightly projected electrodes), the numerical simulation explains the efficiency gain as well as all
aspects of the J-V data self-consistently. Additional high precision characterization of bandgap therefore will be an important part of future study regarding this subject.
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Nanomaterials, Brookhaven National Laboratory, which is
supported by the U.S. Department of Energy, Office of Basic
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